Using the Illustris cosmological simulation, we investigate the origin of fossil groups in the M 200 = 10 13 − 10 13.5 M /h mass regime. We examine the formation of the two primary features of fossil groups: the large magnitude gap between their two brightest galaxies, and their exceptionally luminous brightest group galaxy (BGG). For fossils and non-fossils identified at z = 0, we find no difference in their halo mass assembly at early times, departing from previous studies. However, we do find a significant difference in the recent accretion history of fossil and non-fossil halos; in particular, fossil groups show a lack of recent accretion and have in majority assembled 80% of their M 200 (z = 0) mass before z ∼ 0.4. For fossils, massive satellite galaxies accreted during this period have enough time to merge with the BGG by the present day, producing a more massive central galaxy; and, the lack of recent group accretion prevents replenishment of the bright satellite population, allowing for a large magnitude gap to develop within the past few Gyr. We thus find that the origin of the magnitude gap and overmassive BGG of fossils in Illustris depends on the recent accretion history of the groups and merger history of the BGG after their collapse at z ∼ 1. This indicates that selecting galaxy groups by their magnitude gap does not guarantee obtaining neither early-forming galaxy systems nor undisturbed central galaxies.
INTRODUCTION
Fossil galaxy systems have long been thought to be dynamically evolved due to both a central galaxy that dominates the total optical luminosity of the group as well as a large difference in brightness between their two brightest satellites. Barnes (1989) proposed that within a Hubble time, satellites within a compact group will merge with the central galaxy due to dynamical friction, to produce a singular bright massive central galaxy in the center of a group-sized dark matter halo. And indeed, the first identification of one of such systems was made by Ponman et al. (1994) , finding that the group RX-J1340.6+4018 was an apparently isolated early-type galaxy surrounded by a X-ray halo with similar luminosity as a galaxy group.
The first observational definition for fossil groups (FGs), proposed by Jones et al. (2003) , selected galaxy systems with an X-ray luminosity exceeding L X ≥ 10 42 h −2 50 erg s −1 , and a magnitude gap greater than 2 mags in the R-band within half the projected virial radius. The L X requirement was motivated to select group and cluster mass systems, and the 2 mag or greater magnitude gap criterion selected the most extreme end of the observed magnitude gap distribution. Furthermore, calculating the gap within half the virial radius ensured L* galaxies initially at this distance have had time to merge with the central galaxy within a Hubble time. Using this definition, fossil systems have been observed at all masses (see Cypriano et al. 2006; Mendes de Oliveira et al. 2006; Aguerri et al. 2011; Zarattini et al. 2014) . Additionally, the galaxy luminosity functions of fossils identified in this way indicate their galaxy population depends on their magnitude gap. In particular, FGs have been found to show luminosity functions with a fainter characteristic magnitude as well as a slightly shallower faint-end slope (Zarattini et al. 2015) , possibly due to a deficit of dwarf galaxies (D'Onghia & Lake 2004) .
Initial observations by Jones et al. (2000 Jones et al. ( , 2003 indicated fossil BGGs had experienced no major mergers within the past 4 Gyr, and, in combination with the idea that L* galaxies had merged with the central galaxy, suggested fossil groups had built up their mass at an early epoch. Thus it was expected that both the halo and the BGG of fossil groups were old, and these systems have been evolving passively since their formation to the present day. However, this picture of dynamically evolved fossil groups has become less clear as larger samples of fossil groups have been studied.
The BGGs of fossil systems are among the brightest and most massive galaxies in the Universe (Méndez-Abreu et al. 2012 ). In addition, there is a relation between the brightness of the central galaxies and the magnitude gap of the systems. Systems with larger magnitude gaps show brighter central galaxies (e.g., Zarattini et al. 2014) ; and moreover, the fraction of optical luminosity contained in the central galaxies of fossil systems is larger than in non-fossils (Harrison et al. 2012; Zarattini et al. 2014) . However, the BGGs in fossil systems follow the same scaling relations as non-fossil BGGs (Méndez-Abreu et al. 2012) ; and, no differences between fossil and non-fossil BGGs have been found in works related with stellar population properties (see e.g. La Barbera et al. 2009; Trevisan et al. 2017) . Studies focused on spatially resolved stellar population parameters, such as age and metallicity gradients, confirm that the BGG pop-ulation of fossil systems are not a homogeneous class of objects. Additionally, the mass of fossil BGGs has been growing through merger events active until recent cosmic epochs (see e.g. Eigenthaler & Zeilinger 2013; Proctor et al. 2014) .
The scaling relations describing the intracluster medium (ICM) of fossil and non-fossil systems have been a matter of debate in the literature. Some works have claimed that fossil systems are different to non-fossils in their optical luminosity Khosroshahi et al. 2014 ), X-ray temperature , or the central concentration parameter of the dark matter halo (e.g., Sun et al. 2004 ). Nevertheless, these differences are not confirmed by studies of large samples of FGs (see e.g. Voevodkin et al. 2010; Harrison et al. 2012; Girardi et al. 2014; Kundert et al. 2015; Pratt et al. 2016) .
The galaxy substructure of fossil groups has also been analyzed in several studies in the literature. The absence of galaxy substructure is considered an indication of the dynamical relaxation of the system, which would be expected if fossil groups are truly dynamically old. Aguerri et al. (2011) analyzed one FG finding no significant galaxy substructure. Nevertheless, the study from Zarattini et al. (2016) on a larger sample of fossils, found that FGs show similar amounts of galaxy substructure as non-FGs. In addition, no differences have been found on the large-scale structure around fossil systems. Thus, some of them appear to be isolated structures, while in contrast others are embedded in denser environments (see e.g. Adami et al. 2007 Adami et al. , 2012 Pierini et al. 2011) .
In the present work we analyze the properties of fossils identified in the Illustris cosmological simulation. Our aim is to examine the properties of the groups selected from the simulation as a function of their magnitude gap in order to understand their dynamical evolution. We will focus our study on the the evolution of the magnitude gap of the systems, the formation and evolution of the BGGs, and the mass assembly history of the group halos.
The structure of this paper is as follows: Section 2 is a brief overview of the Illustris simulation, with our sample of selected groups described in Section 3. The results are presented in Section 4 including an examination of the evolution of the magnitude gap (Sec. 4.1), and the properties of the brightest group galaxies (Sec. 4.2) and the group halos (Sec. 4.3). The discussion and conclusions of the paper are given in Sections 5 and 6, respectively.
THE ILLUSTRIS SIMULATION
The Illustris Project comprises a suite of cosmological simulations of varying resolution with hydrodynamics performed on a moving-mesh using AREPO (Springel 2010) . For our analysis of the evolution of fossil groups we make use of Illustris-1, the highest resolution simulation containing baryons in the Illustris suite. Illustris-1 contains 1820 3 dark matter (DM) particles of mass 4.4 * 10 6 M /h, and initially 1820 3 gas cells of average mass 8.9 * 10 5 M /h. The gravitational softening length for DM particles is 1.42 co-moving kpc for the duration of the simulation. For stellar particles, the gravitational softening length is 0.71 kpc at z = 0, and fixed to the DM softening length at z ≥ 1. Gas cells and DM, stellar, and black hole particles are evolved within a periodic box of side length 75 co-moving Mpc/h from initial cosmological conditions at z = 127 to z = 0, with 136 snapshots recorded between z = 47 and the present.
The full-physics galaxy formation model of Illustris includes subgrid prescriptions for star formation and evolution; gas chemical enrichment with cooling and heating; black hole seeding and growth; and feedback from supernovae and AGN. Free-parameters in the feedback model were tuned to match observations, such as the evolution of the cosmic star formation rate density, in preliminary smaller volume test simulations (Vogelsberger et al. 2013) . The output galaxy population produced in Illustris reproduces a number of observations including the galaxy luminosity function at z = 0 , as well as the galaxy stellar mass function between z = 0 − 7 , in addition to others.
We utilize the halo and subhalo catalogues provided by the Illustris team (Nelson et al. 2015) , with relevant properties described here in brief. Group halos have been identified in the dark matter distribution using a friendsof-friends (FOF) algorithm (Davis et al. 1985 ) with a linking length 0.2 times the average interparticle separation. Within FOF group halos of at minimum 32 DM particles, gravitationally bound subhalos are identified from the total particle distribution using the SUBFIND algorithm (Springel et al. 2001; Dolag et al. 2009 ). Group centers and subhalo centers are set to be the coordinates of their most bound particle. The most massive subhalo in a group halo is considered the central subhalo. A FOF group's R 200 is defined to be the radius that encloses an average total particle density equal to 200 times the critical density. The M 200 of a group is calculated from the total mass of all baryons and dark matter enclosed within R 200 .
SUBLINK merger trees have been constructed for Illustris by Rodriguez-Gomez et al. (2015) . We trace the evolution of groups by following the main progenitor branch (MPB) of their z = 0 central subhalos, and the properties of the groups these MPB subhalos inhabit at a given snapshot. For our analysis, we select groups at z = 0 with a central subhalo whose MPB has been identified as centrals of their FOF groups at previous snapshots out to at least z = 0.1. This ensures we are able to robustly track the evolution of the groups during the recent epoch.
We focus our analysis on subhalos with a total bound stellar mass exceeding log(M * [M /h]) ≥ 8, for the purpose of requiring ∼100 stellar particles per galaxy. This cut in the stellar mass of subhalos produces a completeness limit in magnitude of M r = −16 mag, as calculated from the summed luminosities of all bound subhalo stellar particles.
Illustris was run using WMAP-9 cosmological parameters (Hinshaw et al. 2013) . Complete details of the Illustris simulations and the galaxy formation model are described in Vogelsberger et al. (2014) and Vogelsberger et al. (2013) , respectively. Throughout this paper, we have made use of the publicly available online Illustris database (Nelson et al. 2015) .
THE SAMPLE
To understand the dynamical evolution of fossil groups, we examine the formation of the magnitude gap, ∆m 12 , defined by the difference in r-band brightness between the first-ranked, m 1 , and second-ranked, m 2 , galax- ies. The division between fossils (FGs) and non-fossils (nFGs) has traditionally been set at a gap of 2 mags, where fossils have a gap of ∆m 12 (FG) ≥ 2, and nonfossils have a gap of ∆m 12 (nFG) = 0 − 2. We examine the evolution of the gap determined within both a volume with radius 0.5R 200 centered around the BGG, and within a volume with radius R 200 .
We restrict our analysis of the formation of the gap to groups with mass M 200 = 10 13 − 10 13.5 M /h. Observationally, groups with this mass are expected to meet the L X requirement of Jones et al. (2003) , see e.g. Eckmiller et al. (2011) , although perhaps not all groups of this mass will be virialized. We do not rely on the X-ray luminosity, as is used in observational studies, because in Illustris the gas mass fraction within the inner regions of groups in our mass regime has been found to be a factor of 3-10 times lower than compared to observations, as noted in Genel et al. (2014) . The upper limit of our M 200 selection is set to ensure a large enough sample size of both fossils and non-fossils. In the right panel of Fig. 1 , we show the distribution of magnitude gap and M 200 calculated for all FOF groups with mass M 200 ≥ 10 13 M /h. As can be seen above 10
13.5 M /h, which we do not include in our analysis, there are few non-fossils available for comparison to fossils, particularly for fossils and nonfossils defined by their gap within 0.5R 200 . Thus we find the mass regime M 200 = 10 13 − 10 13.5 M /h is best for both examining the formation of the gap in a narrow group mass regime, as well as for comparing a significant sample size of fossils and non-fossils. Table 1 , including average group M 200 mass, R 200 radius, and number of member galaxies. Fig. 1 , left panel, shows the distribution of the magnitude gap values calculated for our sample of groups. For the gap calculated within R 200 , we find a peak at ∆m 12 (R 200 ) ∼ 1.5, with 54% of groups classified as FG(R 200 ). Analytically, as predicted by the PressSchechter formalism, 5-40% of groups are expected to have magnitude gaps larger than 2 mags as calculated in a 500kpc projected radius, with the distribution peak at ∆m 12 ∼ 1 for groups of mass log(M)=13.5 (Milosavljević et al. 2006) ; we thus find a comparable magnitude gap distribution within R 200 as has been predicted. However, we find the peak of the gap distribution defined within 0.5R 200 occurs at ∆m 12 (0.5R 200 ) ∼3, producing a relative abundance of 80% fossils. In comparison, the FG(0.5R 200 ) abundance is estimated from observations to be 8-20% of groups with log(L X,bol [erg s
−1 ]) ≥ 42 (Jones et al. 2003) .
Differences between the Illustris gap distribution and those observationally found within 0.5R 200 might arise for a few reasons: (1) The central galaxies in Illustris are overmassive and overbright, compared to observations, as a result of the simulation feedback prescription (Vogelsberger et al. 2013; Genel et al. 2014) ; (2) Overmerging of satellite galaxies within the central regions of the groups is a known problem in simulations (Katz & White 1993) ; (3) We do not employ the X-ray luminosity criterion that has been applied to previous observational studies. The overabundance of Illustris fossils, as compared to observations, has also been noted and discussed in Raouf et al. (2016) .
We also see in Fig. 1 , a number of extreme gap, ∆m 12 (0.5R 200 ) ≥ 4, groups exist in our FG(0.5R 200 ) subsample. These very large gap groups have a m 2 (z = 0) galaxy that is too faint to meet the completeness limit of many observational studies, and as a result these type of extreme gap objects have rarely been observed (although see Zarattini et al. 2014 ). However, 15/16 of these extreme gap groups have at higher redshift had a bright satellite pass within 0.5R 200 , that has not merged, but has moved outside of this region at z = 0 due to the path of its orbit. And indeed 15/46 of all FG(0.5R 200 ) have had a current satellite within 2 magnitudes of the brightness of the central galaxy pass within 0.5R 200 in the past without merging, indicating they would have been classified as non-fossil at other snapshots and are by chance currently identified as fossil in the present snapshot.
We also here note that the magnitude gap of an individual group is a highly transitory feature. The infall of new bright satellites accreted by the group will act to decrease the magnitude gap, while mergers of bright satellite galaxies with the BGG will cause the gap to increase. Additionally, the orbits of satellite galaxies within the group will produce a variance in the gap unrelated to mergers or infall, causing the gap to vary on short timescales particularly when the gap is calculated within half of R 200 . The average maximum variance in ∆m 12 (0.5R 200 ) is ∼ 2 mag since z ∼ 0.1. While for ∆m 12 (R 200 ) it is ∼ 0.7 mag. It is clear that with a variance of 2 mags within the past Gyr for groups defined by their ∆m 12 (0.5R 200 ) gap, there will also be a large variance in the properties of subsamples sorted by this metric at z = 0.
Thus while the magnitude gap is traditionally defined within 0.5R 200 (Jones et al. 2003) , we find an overabundance of FG(0.5R 200 ) compared to observations and additionally find ∆m 12 (0.5R 200 ) is highly affected by the orbits of its satellites which obscures information about the dynamical state of groups characterized in this way. Most of our tests in our later analysis (Section 4) indeed show no statistical difference between FG(0.5R 200 ) and nFG(0.5R 200 ). On the other hand, while ∆m 12 (R 200 ) is less typically used, the abundance of FG(R 200 ) are in order with predictions and observations, and we would expect little effect due to orbits, and as a result a less transient gap characteristic. We therefore mostly rely on comparing groups divided into samples by their R 200 gap, to understand the physical processes driving the evolution of the magnitude gap. We will primarily depend on the results of this subsample for our understanding of the dynamical state of fossils, but also present the results within 0.5R 200 following observational convention.
RESULTS

Evolution of the magnitude gap
Fossil groups are characterized by both their large magnitude gap as well as an overluminous central galaxy (Jones et al. 2003) . In Fig. 2 we investigate how the evolution of these two characteristics are related. In the upper row of Fig. 2 , we present the evolution of ∆m 12 (z) within R 200 (left) and 0.5R 200 (right) for fossils and nonfossils defined by their gap at z = 0. To further understand the ∆m 12 (z) evolution, we also include in the middle rows the evolution of m 1 (z) and m 2 (z), the brightness of the first-and second-ranked galaxies identified at each redshift. Because the magnitude gap and m 2 (z) galaxy brightness are transitory properties for individual groups, particularly within 0.5R 200 , we display the magnitude gap and brightness of m 1 (z) and m 2 (z) averaged over a timespan of 1 Gyr in the first three rows. In the bottom row, we show the averaged fraction of a group's mass contained in the BGG's stellar component, which for convenience we refer to as f* (BGG)=M * ,BGG /M 200,group . This f* (BGG) quantity is useful for comparing the relative mass of the BGG for its halo mass. We divide these plots into three redshift regimes: z ≥ 1, z = 0.3 − 1, and z ≤ 0.3, during which we observe different phases in the evolution of the groups.
Prior to z ∼ 1, all groups have similar magnitude gaps and f* (BGG); this epoch marks the time period when these groups are still in the process of assembling the majority of their halo mass. After z ≤ 1, we can clearly see the evolution of the magnitude gap and the evolution of f* (BGG) are related: groups with large magnitude gaps also have large f* (BGG). Between z ∼ 0.3 − 1, groups identified as FG(z = 0) are shown to have a smaller gap and lower f* (BGG) ratio than their nFG(z = 0) counterparts. After z ∼ 0.3, we see these trends reverse such that by the present day FG(z = 0) have a larger magnitude gap and greater f* (BGG) than nFG(z = 0). We thus see that the characteristically large magnitude gap of fossils identified at z = 0 has formed only in the past few Gyr, and furthermore both fossils and non-fossils have evolved in their magnitude gap and ratio of BGG mass to halo mass since z ∼ 1. These trends support the idea of a 'fossil phase' as proposed by von Benda-Beckmann et al. (2008) ; fossils identified at z = 0 were non-fossils at high redshift, while z = 0 non-fossils were previously fossils. Indeed we find all z = 0 identified fossils have been previously nonfossils, while all z = 0 non-fossils have been previously fossil. In general, the average FG(R 200 )(z = 0) was last non-fossil ∼3 Gyr ago, while nFG(R 200 )(z = 0) were on average fossil ∼2 Gyr ago. And importantly, we find the relative overmassiveness of the BGG followed with large magnitude gap systems, such that when z = 0 non-fossils had a large magnitude gap between z = 0.3−1, they also had a relatively more massive f* (BGG). Thus we would expect a sample of fossils identified at higher redshifts would also have a more massive BGG than non-fossils identified at the same redshift, although the magnitude gap will likely evolve by the present day.
Properties of the BGG
To understand how fossils obtain their characteristic overmassive BGG, in this section we investigate BGG scaling relations, stellar mass assembly history, and merger history.
Scaling relations
Observationally, the central galaxies of fossil groups have been found to be more luminous and more massive than the central galaxies in non-fossil groups of the same global X-ray luminosity and temperature (Harrison et al. 2012; Zarattini et al. 2014) . Furthermore, the centrals of fossil groups have been found to reside on the most massive end of the Faber-Jackson relation (Méndez-Abreu et al. 2012) . The group scaling relations of total optical luminosity (L r ) and bolometric X-ray luminosity (L X ) are consistent for both fossil and normal groups (Harrison et al. 2012; Girardi et al. 2014; Kundert et al. 2015) , indicating a similar amount of baryonic mass. However a significant fraction of a fossil group's total optical luminosity is contributed by its central galaxy, suggesting, in combination with the L r -L X relations and large magnitude gap, that fossils have their stellar mass distributed differently than non-fossils.
Qualitatively matching these observational studies, we indeed find that the fossil BGGs in Illustris are more massive than non-fossil BGGs, and this characteristic is reflected in the distributions of BGG r -band brightness, peak circular velocity, and central velocity dispersion (Fig. 3) .
In for correlation between ∆m 12 (0.5R 200 ) and M 200 , the Spearman test returns ρ = 0.18, p = 0.19. This further supports ∆m 12 (0.5R 200 ) is highly affected by random chance, i.e., the location of satellite galaxies along their orbital paths as discussed in Section 4.1. It will thus be difficult to disentangle the effects driving how FG(0.5R 200 ) BGGs become overmassive and overluminous.
Despite the large f* of FG(R 200 ) BGGs, in Fig. 5 we find no obvious difference in the color, stellar age and metallicity, total gas mass, and specific star formation rate (sSFR) of the central galaxies of the same stellar mass. All BGGs have a log(sSFR[M /yr])≤-11, which is typically considered to be quenched at z = 0. As might be expected, no differences are found when comparing the observational properties of BGGs separated by ∆m 12 (0.5R 200 ).
BGG stellar mass assembly history
Given that fossil BGGs are overmassive and overluminous for their group M 200 , we here examine how these galaxies build up their mass over time. In Fig. 6 , we show the average stellar mass assembly history (bottom) of the central galaxies, as well as the assembly history normalized by the final z = 0 stellar mass (top).
The average evolution of the BGG stellar mass shows fossil central galaxies experience significant growth over the range z ∼ 0.1 − 1 relative to non-fossil BGGs. Indeed between z = 0 − 1, FG(R 200 ) BGGs increase in mass on average by a factor of 2.5 ± 0.20, compared to a factor of 1.9 ± 0.14 shown by nFG(R 200 ) BGGs. However, we note that while fossil BGGs are on average more massive, they are still less than a factor of 2 more massive than the nFG BGGs at z = 0.
The normalized BGG stellar mass assembly history re- veals FG(R 200 ) BGGs have assembled 50% of their final stellar mass by z 50 (BGG, * ) = 1.0 ± 0.1, while for nFG(R 200 ) BGGs we find z 50 (BGG, * ) = 1.3 ± 0.1 (Table 2). Thus by this metric fossil BGGs have more recently assembled their stellar component, which is complementary to finding increased mass growth of the fossil BGGs after z ∼ 1. For FG(0.5R 200 ) and nFG(0.5R 200 ), we find no differences in the rate at which the stellar component is assembled, but do find FG(0.5R 200 ) BGGs grow more in mass after z ∼ 1 compared to nFG(0.5R 200 ), similar to our finding for FG(R 200 ).
BGG merger history
Differences in the stellar mass assembly history of fossil and non-fossil BGGs are likely to result from differences in their merger histories. In Fig. 7 , we show the major merger history of the BGGs, both in the evolution of the cumulative number of major mergers as well as the /h] Figure 6 . Top: Average normalized stellar mass assembly history for central galaxies. Bottom: Average stellar mass assembly history for central galaxies. 1σ errors calculated from 1000 bootstrap resamplings are shown. 1.0 ± 0.1 3.5 ± 0.3 0.8 ± 0.2 Note. -Average BGG stellar mass assembly time z 50 (BGG,*), number of major mergers N major , and redshift of last major merger z LMM . 1σ errors have been bootstrapped. time of the last major merger. We here consider a major merger as a merger between galaxies with stellar mass ratios M * ,satellite /M * ,BGG ≥ 0.25. Following RodriguezGomez et al. (2015) , the merger ratio between galaxies is calculated from the mass of both galaxies at the snapshot when the secondary galaxy is at its most massive. This avoids numerical effects and the transfer of mass shortly prior to when the merger of the galaxies occurs.
For FG(R 200 ) and nFG(R 200 ) BGGs, we find a difference in major merging history. Fig. 7 shows that FG(R 200 ) BGGs will experience ∼ 1 more major merger than nFG(R 200 ) BGGs. The distribution of the redshift of the last major merger, z lmm , is also shifted to more recent times for FG(R 200 ) BGGs as also shown in Fig. 7 . Additionally, ∼ 50% of FG(R 200 ) BGGs experience 2 or more major mergers between z = 0 − 1, compared to 20% of nFG(R 200 ) BGGs. No significant difference is found in the number of major mergers for FG(0.5R 200 ) and nFG(0.5R 200 ) BGGs.
In Fig. 8 , we examine the amount of mass the BGGs acquire through merging(major+minor), major merging, minor merging, and in situ star formation according to the Illustris stellar assembly catalog of Rodriguez-Gomez et al. (2016) . In this catalog, star particles bound to z = semble 50% of their final stellar mass somewhat later than nFG(R 200 ) BGGs, and additionally are more likely to have a more recent major merger. The larger f* of FG(R 200 ) BGGs is attributable to a greater amount of mass acquired through merging between z = 0.1 − 1, with increased contribution from major merging providing the most significant boost to the mass of the fossil BGG compared to the non-fossil BGG. While we have shown that there are indeed statistical differences in how and when the stellar mass of FG(R 200 ) and nFG(R 200 ) BGGs is assembled, these differences do not produce any noticeable variations in observational properties such as color, stellar age, or sSFR.
Group mass assembly history
Given the difference in the BGG mass assembly of fossils and non-fossils shown in the previous section, we might expect a difference in how the groups assemble their halo mass. Here we examine the mass assembly history of the groups. Fig. 9 shows the average group M 200 assembly history normalized by the M 200 (z = 0) mass. The mass assembly history of the groups was determined by tracing back the BGG(z = 0) main progenitor branch and using the associated group M 200 (z) at each redshift. Snapshots where the BGG(z = 0) main progenitor was not identified as the BGG(z = 0) of its group were excluded, and the missing M 200 (z) were estimated from linear interpolation. We compute a two-sample KS test on the fraction of mass assembled for the non-fossil and fossil sample at each redshift (top x-axis), as well as for the distribution in redshift at which a particular fraction of M 200 (z = 0) is assembled (right y-axis). We find the mass assembly histories of fossils and non-fossils are similar at early times, but show an apparent divergence occurring after z ∼ 1.
In the literature, the redshift at which a halo builds up 50% of its final M 200 (z = 0) mass, z 50 , has been frequently used as a metric for the formation time of the halo (e.g., Li et al. 2008) . And historically, previous fossil studies have particularly been interested in this time of halo assembly. We find that all groups in our sample on average form at z 50 ∼ 1, although there is a wide range of z 50 times spanning z 50 = 0.1 − 2. Unlike previous studies of the mass assembly history of fossil groups (e.g., Dariush et al. 2007; Díaz-Giménez et al. 2008; Dariush et al. 2010) , we find no significant difference in the z 50 formation times with the KS test returning p KS ∼ 0. However, the difference in the recent accretion history of fossils and non-fossils is particularly clear for z 80 , the redshift at which these groups acquire 80% of their final mass, as can be seen from the KS test in Fig. 9 . On average z 80 = 0.58 ± 0.05 for FG(R 200 ) and z 80 = 0.25 ± 0.04 for nFG(R 200 ), with the KS test yielding p KS = 6 * 10 −6 on the z 80 distributions. A similar trend is also found for FG(0.5R 200 ) and nFG(0.5R 200 ) with p KS = 3 * 10 −2 for z 80 (Table 3 ). In Fig. 10 , we show the cumulative distribution function of z 50 , for comparison to previous fossil studies, and z 80 , which we find in Illustris to be the most divergent mass assembly time for fossils and non-fossils. It is clear from this figure, that the steep increase in Fig. 9 for fossils between z = 0.4 − 0.8, is a result of a large fraction of the fossil sample reaching z 80 in this window. In contrast, the distribution of non-fossil z 80 times extends over z = 0 − 0.8 with the majority of non-fossils reaching z 80 between z = 0 − 0.4. In general, we find z ∼ 0.4 to be a dividing line in the distribution of z 80 for FG(R 200 ) and nFG(R 200 ): ∼80% of fossils reach z 80 before z ∼ 0.4, while ∼ 80% of non-fossil reach z 80 after this time. Qualitatively, these results are also found with less significance for FG(0.5R 200 ) and nFG(0.5R 200 ).
A lack of recent halo accretion, as indicated by an early z 80 , may indeed be fundamental for the formation of a large gap within R 200 at the present day. In our mass regime, bright satellites originally were accreted as cen- 1.07 ± 0.07 0.58 ± 0.05 Note. -Average redshift at which the groups assemble 50% and 80% of their final M 200 (z = 0) mass. 1σ errors have been bootstrapped. trals of other groups, and their arrival is therefore associated with mass build up for the primary group. Thus an early z 80 ensures that no bright satellites fall in to the group, maintaining any gap that forms through mergers. While for non-fossils, the recent growth of their halos is related to the arrival of their brightest current satellites m 2 (z = 0). For non-fossils, z 80 must occur within the last few Gyr such that accreted bright satellites do not have time yet to merge with the central, while z 80 must occur early enough for fossils such that any bright satellites accreted during this time of halo mass growth have had time to merge by the present day.
We also here note that although we only find a difference in the recent accretion history of fossils and nonfossils, we also find fossils are associated with overmassive BGGs (Fig. 4) , suggesting overmassive BGGs may also be associated with an early z 80 and not with z 50 as has been previously thought. As a direct check of the relation between halo assembly and the overmassiveness of the BGG, we select the most extreme 20% of the distribution of z 50 times for our groups to check for association with f* (BGG). By a two-sample KS test on the f* (BGG) values of the earliest and latest forming halos we find f* (BGG) for extreme early and late z 50 are not distinct (p KS = 0.7). Comparatively, selecting the most extreme z 80 shows deviating distributions of f* (BGG) (p KS = 0.01), where groups with an early z 80 are associated with an overmassive BGG. Thus we truly find overmassive BGGs are associated with early z 80 and thus lack of recent group accretion, instead of an early halo formation time. This can also explain properties of the evolution in f* (BGG)(z) shown in Fig. 2 . While the average f* (BGG)(z) of fossils does indeed grow due to mergers in the past few Gyr, it is equally important that the average f* (BGG)(z) of non-fossils has decreased over this time due to recent halo-halo mergers contributing to the group M 200 .
In summary, we find the main difference in the mass assembly history of fossils and non-fossil groups is with respect to the recent accretion history, instead of an early formation time as has been found in other studies. Particularly we find fossils on average reach z 80 at an earlier epoch than non-fossils, indicating a lack of recent accretion. This difference in z 80 suggests a difference in the local environment of FG(z = 0) and nFG (z = 0) groups over the past few Gyr, namely that present day fossil groups may exist in a relatively less dense environment which has prevented recent infall of new massive satellites. And indeed, this would be in agreement with previous studies of the environment in which fossil groups reside (Adami et al. 2007; Dariush et al. 2010; Cui et al. 2011; Díaz-Giménez et al. 2011 ). pleting the bright end of the satellite population. Thus, testing how the magnitude gap relates to halo age has been of great interest to many theoretical fossil studies. The mass assembly of fossil clusters (M vir ∼ 10 14 M ) was first investigated by D'Onghia et al. (2005) , and later the mass assembly of fossils in the low mass group regime (M 200 = 10 13 −10 13.5 M /h) was examined using the Millennium simulation (Dariush et al. 2007 (Dariush et al. , 2010 Gozaliasl et al. 2014) as well as using other N-body cosmological simulations (von Benda-Beckmann et al. 2008; Deason et al. 2013) .
When examining the full mass assembly history of group halos, Dariush et al. (2007 Dariush et al. ( , 2010 and Gozaliasl et al. (2014) find fossils on average have assembled more of their final halo mass at nearly every redshift. Particularly they find the initial mass build up of fossils and non-fossils is different, including a difference in z 50 which is also returned by von Benda-Beckmann et al. (2008) and Deason et al. (2013) . While according to these simulations the halo formation time on average is earlier for fossil systems, there is also a considerable amount of scatter relating halo formation time and the magnitude gap of the group. Indeed many early forming systems are missed by selecting large magnitude gap groups and a non-significant amount of fossils also have a recent formation time (e.g. see Dariush et al. 2010; Deason et al. 2013; Raouf et al. 2014) .
Our result of finding no difference in the z 50 of fossils and non-fossils in Illustris may then be related to the sample size of available Illustris groups in our selected mass regime compared to the much larger sample sizes of groups in the Millennium simulation used by the previous fossil studies. Given the large scatter previously reported in these studies, it is possible that by chance the distribution of z 50 for fossils is similar to the distribution for non-fossils in Illustris. The relative abundance of early-forming fossils will thus need to be examined in future larger cosmological simulations with hydrodynamics, such as the IllustrisTNG (Pillepich et al. 2017) . However, even with our smaller sample size, we find z 80 is significantly different for fossils and non-fossils in Illustris. Thus we expect that with larger sample sizes, fossil groups should show also a lack of recent accretion as important to the formation of the magnitude gap. Nevertheless, an earlier z 80 , as we find, or an earlier z 50 , as has been found in other studies, suggests fossil groups assemble some portion of their halo mass at an earlier epoch than non-fossils, following the original Jones et al. (2003) idea.
We also find support for the idea of a 'fossil phase' (von Benda-Beckmann et al. 2008 ) whereby groups only temporarily exist with a large magnitude gap due to recent mergers of satellites with the central without recent infall of new satellites, in good agreement with previous studies of simulated fossils (von Benda-Beckmann et al. 2008; Dariush et al. 2010; Gozaliasl et al. 2014; Kanagusuku et al. 2016) . As can be seen in our Fig. 2 , we find that the large magnitude gap characterizing fossil groups at z = 0 has only formed within the past few Gyrs.
Thus the picture of fossil group formation we find in Illustris relies on both the early accretion of massive satellites in addition to the lack of recent accretion of new bright satellites, both indicated by an early z 80 . The early assembly of some fraction of a fossil group's halo mass allows enough time for L * satellites to merge by the present day due to dynamical friction, producing a massive and luminous central galaxy. In combination, the lack of recent accretion for the halo ensures no new bright satellites replace those that have already merged and the gap formed through merging is preserved.
Observational implications
We find BGG properties consistent with what has been found in previous observational and theoretical studies, despite finding no difference in the z 50 group formation time of fossils and non-fossils. This may be because differences in group assembly have little effect on the assembly and properties of the BGG's stellar component; even large differences in the large-scale environment in which a halo forms do not show differences in BGG growth rate (Jung et al. 2014) , and differences in the the group halo formation time have not been found to produce observable differences in the stellar age or properties of their BGGs (Deason et al. 2013) .
We find no significant difference in the observational properties of fossil and non-fossil BGGs including color, sSFR, and stellar age. This is in good agreement with observational studies that find fossil BGGs seem to have typical properties of other ellipticals of the same mass, including the age and metallicity of stellar populations (La Barbera et al. 2009; Harrison et al. 2012; Eigenthaler & Zeilinger 2013 ) and number of globular clusters (AlamoMartínez et al. 2012) . Additionally observed fossil BGGs follow the Fundamental Plane, Kormendy relation, and Faber-Jackson relation (Méndez-Abreu et al. 2012) .
There is also some recent evidence that fossil BGGs are not evolving passively, or at least not more passively than the BGGs of non-fossil groups. Evidence for recent fossil BGG activity includes: radio-loud AGN (Hess et al. 2012) , surface brightness profiles that deviate from a Sersic profile in the NIR (Méndez-Abreu et al. 2012) and optical (Alamo-Martínez et al. 2012) , apparent shell features (Eigenthaler & Zeilinger 2012) , unrelaxed X-ray isophotes , tidal tails (Zarattini et al. 2016) , and ongoing merging in HST imaging (Ulmer et al. 2005) . This is in line with the more recent last major merger and recent significant growth of the BGG due to merging we find for fossils, and as has been found in other theoretical studies as well (e.g. Díaz-Giménez et al. 2008; Kanagusuku et al. 2016) .
Observations of the halo concentration parameter and X-ray scaling relations of fossil groups have often been interpreted with respect to the z 50 formation time found for fossils in previous simulation studies. Groups with an early z 50 are expected to have more concentrated halos for a given mass (e.g., Neto et al. 2007) , and earlyforming groups have been speculated to follow different scaling relations (e.g., Jones et al. 2003; Khosroshahi et al. 2007 ). However, a wide range of concentration parameters have been measured for fossil groups (e.g., Khosroshahi et al. 2004 Khosroshahi et al. , 2006 Khosroshahi et al. , 2007 Démoclès et al. 2010; Pratt et al. 2016) , and fossil groups seem to follow the same scaling relations as normal groups (e.g., Harrison et al. 2012; Girardi et al. 2014; Kundert et al. 2015) . These observations might be understood then if there is no difference in the z 50 of fossils and non-fossils, as we find here with Illustris. Furthermore, while we propose an early group z 80 is important for the development of the large magnitude gap of fossils at the present day, an early z 80 , reflecting a lack of recent accretion, would be unlikely to affect the halo concentration or scaling relations.
SUMMARY AND CONCLUSIONS
We investigate the formation of the optical magnitude gap for galaxy groups with mass M 200 = 10 13 − 10 13.5 M /h in the Illustris cosmological simulation. Our analysis relies on studying the properties of fossil groups (∆m 12 ≥ 2) and non-fossils (∆m 12 = 0 − 2) defined by their gap within 0.5R 200 and R 200 . The evolution of the groups is examined between z = 0 − 10 with particular focus on the BGG stellar mass assembly and merger history, and assembly of the M 200 group mass. No significant difference between FG and nFG defined by their gap within 0.5R 200 is found, and thus we base our interpretation of the physical processes driving the formation of the gap on our analysis of FG and nFG defined by their gap within R 200 .
Within R 200 , approximately ∼ 0.4 Mpc for our groups, the average gap of ∆m 12 (R 200 ) ∼ 1 is consistent with Press-Schechter predictions. In agreement with observations, we find fossils have in general a more massive and more luminous central galaxy in comparison to nonfossils of the same group M 200 , and additionally we find a significant correlation between the gap and the stellar mass of the BGG, implying both features are related and may have an origin due to the same process.
Our primary findings on the evolution of fossil group properties include:
• The magnitude gap, ∆m 12 ≥ 2, of fossils identified at z = 0 on average forms ∼ 3 Gyr ago, and is coincident with fossil BGGs becoming overmassive for their group M 200 mass compared to non-fossil BGGs on average. We furthermore find groups with a large magnitude gap at any redshift appear to also have a relatively more massive BGG than small magnitude gap groups.
• Fossil BGGs become more massive than non-fossil BGGs due to increased mass acquired through mergers between z = 0.1 − 1. Fossil BGGs are more likely to experience a greater number of major mergers, and more recently experience a major merger as compared to non-fossil BGGs. On average fossil BGGs have assembled ∼ 60% of their mass at z = 0 from mergers, with the greatest contribution originating from major mergers.
• While fossil BGGs both assemble 50% of their final stellar mass and experience their last major merger ∼ 1 Gyr more recently than non-fossil BGGs, no difference is found in the observational properties of these BGGs including stellar ages, metallicities, and star formation rates.
• The group mass assembly of fossils and non-fossils differs in only the recent group accretion history, particularly as indicated by differences in the distribution of z 80 (M 200 ) assembly times. ∼ 80% of fossil groups reach z 80 before z = 0.4, while ∼ 80% of non-fossil groups reach z 80 after this epoch. Unlike studies of fossils in other simulations, we find no difference in the z 50 (M 200 ) of our groups, and in general no difference in the mass assembly histories of the groups at early times.
The primary difference between fossils and non-fossils is thus the mass assembly history of the group. The large magnitude gap and massive BGG of fossils is due to the merging of early arriving massive satellites, and lack of recent infall of new massive satellites over the past few Gyr. In Illustris, we find the magnitude gap of a group does not provide information on the dynamical state of the system, nor the age of the BGG, but instead seems primarily associated with the recent accretion history of the group within the past few Gyr.
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